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Company Background

Utah, USA R&D/Manufacturing - 2017 y
A Office, laboratory, and manufacturing facility (24,000 ft 2y L L&
A NASA, DOE, DOD and commercial contracts , ﬁ
A Tape casting, cell and stack production, and testing
A End-to -end power to synfuels pilot plant
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f\\"“: '_; "*&!@ . Solid Oxide Fuel Cell and Electrolysis Stacks
=V WU _}/ _*\/ A Longest running solid oxide fuel cell & electrolysis group in world
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A i Ml A Only flight qualified, TRL 9 SOEC unit with active NASA

[ By e U | demonstration on Mars

: ) i 5\ A 30kW/10kW and 20kW/10kW reversible SOC system test programs
SR o o W

Image credit NASA/JPL -Caltec Renewable Energy
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Biomass

Fuel Reformation and Generation ecrome
A Plasma Reformer &H, or syngas from flare gas; digester gas conversion;

clean-up bio -gasification

A Fischer-Tropsch Reactors &Modular design for sustainable fuel production

from H, and syngas

Electricity




Project Objective

AA solid oxide electrolysis cell (SOEC) stack in a
laboratory test bed

Ashow improved performance over baseline stacks
Arobustness,
Areliability,
Aendurance,
Ahydrogen purity, and
Aproduce hydrogen at elevated pressure of 2 to 3 bar.



Project Goals

Almproved performance over baseline

AReproducibility and lower polarization by electrode
modification

ALong term stability
Aprojected lifetime of > 40,000 hours

ARobustness
ACapability for thermal cycling of a stack
ARedox cycling of fuel electrode in a stack
AProduction of hydrogen at elevated pressure



Redox Tolerant Fuel Electrode - Background



Background: MOXIE Program Overview

MarsOXygen ISRUET § k2 s { k | ® Ay A 8P
CO,t0 CO + O,

First of any kind of demonstration of In-Situ Resource Utilization (ISRU)
technologies to enable propellant and consumable oxygen production from
the Martian atmosphere aCurrently onboard Perseverance Rover

MOXIE is a ~0.5% scale prototype of expected final O , production rate

TRL 9 SOEC unit

Solid Oxide Electrolysis (SOXE) Development Team
Supported by NASA through the Jet Propulsion Laboratory (JPL)

Jet Propulsion Laboratory

NASA Support through JPL

== JBL Ihr =——




Flight Qualification

Baseline Performance
A21 consecutive stacks built with aerospace quality standards and traceability having a maximum baseline
performance of 1.6 ohm -cm? dry CO, and 99.9%+ O, purity

Cycling Performance
A 3 stacks with 21 cycles of identical test procedure having varying cycle -to-cycle flow rates and final cycle
averages of 10.11 g O ,/hr production and 99.8% purity aTargets exceeded

A 1 stack to cycle 61 with >99.6% purity at a controlled production rate of 6 g/hr at 55g/hr feed

Structural Stability Testing
A No leak or significant performance change after 10kN crush testing
A Stacks tested to 25kN force with no crossover or external leakage
A Load to failure required 62.2kN (>30 margin of safety from design) Paseney  acwes R

Shock/Vibe Testing
A Stacks vibrated at JPL and post vibe tested at OxEon
A No leak or significant performance change post vibe!
A No leak after shock testing, no significant performance change!
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Cryo -Cycling
A Vibe stack cryo-cycled to -40°C (40 cycles),-55°C (3 cycles),-65°C
A Stack performance and purity unchanged in operational cycling post test



Cathode Challenge: Oxidation in dry CO ,

Thermal Cathode interconnect (cell 1) Cell 2 Cell 5
A . Cycle #: Non-conductive
1007 Green (NiO)
/ﬁdm 10
8.0
ey el ::tMrg'W Conductive
60 — Grey (Ni print)
5 ©
Electrolysis Cathode:
- 4 Ni-ceria electrode +
vo 2 Ni felt current collector
1
ASR (Area Specific Resistance) Exposed
00 T e e e interconnect
0 20 40 60 80 100 120
Run Time (min) Dramatic degradation resulted
Early MOXIE Test Stack: from progressive oxidation front

15 operational cycles - full thermal cycle
with 120 min operation on dry CO ,

Dry CO, A O, production ~12% of initial

Oxidation of Nito NiO causes ~24% vol
expansion, and in this case, irreversible
damage to the electrode & current collector

MOXIE implemented recycle of produced CO to prevent cathode oxidation

NASA Support through JPL 8




Flight Test Success QFirst Ever ISRU Demonstration!

First 100 Sols!

AN~z A é"zs k| k«« Pk«®& ?2~] 4kf AAT A%A,
ﬁ\% Eé‘ A Sol 13 First run with Run Control Table Orygen produced
Mars Oxygen \\ ) : “ (RCT) Total 5.37g —
ISRU Experiment < -~ | /
AN~z ¢A é6k"~z®r +rkgyé-+s~p rk’\®ka«Q;>||
3 £ /1
compressor ;g §<}) / .\
A Sol 59 -60 April 20, First Oxygen 3 Q/‘ \
A Produced 5.4 g O , pre-dawn, peak rate of 6~ / \\.
g/h (2 A Current) Warmup // Curren: sweeps
A SOI 81 May 12, 2 nd Oxygen 2060 4060 6060 8(;00 10000 12000 14000
A Nighttime (early AM) operation Time (9
A Produced 7 g O ,, 8 g/h peak First Run

NASA Support through JPL

A Sol 100 May 31 3 '@ Oxygen

A Mid -day operation with lower atmospheric
density

A Extended 8 g/h operation

13 Successful high purity (>99.6%) oxygen production runs on Mdegdo



Redox Tolerance for CO , Electrolysis (NASA SBIR)
Ni-based electrode



Button Cell: Redox Cycling and Long -Term Stability for CO , Electrolysis ©xEon

energy

800°C, 30 sccm dry CO,, 2.0cm? active area, 1.1V hold

Down-selectedComposition
05, L 11V hold Ni-Ceria based (N85)
c Full Redox Cycle* ;A Full Redox Cycle = 12 hours off load with
oa S WA 45 #E #T #8 #9 S dry CQ only feed
§0.3 MM& Mg, ﬂ ., *“\T‘k‘ A Kept at 800°C to nearly fully oxidize the
: cathode material (Ni metaB, Nickel
oxide)
A Load is reapplied
0 i i Ul L

1250 1350
Test Time (hrs)

A No external reducing gas
1450 1550

NASA SBIR Funded



STK-033 Partial and Full Redox Cycles

Current (A) or Voltage (V)
(o]

STK-033 NASA SBIR 10-Cell FTD Deliverable Stack
800 C, 111 cm? active area/cell, 1.5 SLPM dry CO, feed

STK-033 NASA SBIR 10-Cell FTD Deliverable Stack
800 C, 111 cm? active area/cell, 1.5 SLPM dry CO, feed

; 16
"Partial Redox Cycle" "Full Redox Cycle"
Off-load for 20 mins with only dry CO, feed 14 Current Off-load overnight with only dry CO, feed
Current (interrupt condition) S 11554 for full oxidation of the cathode
g - :,
‘_ £ 10
Voltage =)
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i 8 ocv Cathode
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= 6 / oxidation
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2 Voltage
0
2.8 29 3.0 31 3.2 33 34 35 3.6 3.7 3.8 3 5 7 9 11 13 15 17 19 21
Test Time (Hours) Test Time (Hours)

AStack: Short (20 min) and long (12  hrs) exposure to CO
AApplication of voltage  afull recovery of performance

NASA SBIR Funded
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W/ Redox test #1 Redox test #2 SR
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